Glucosinolates are a fascinating class of specialised metabolites found in the plants of 1 1 Brassicacea family. The variation in glucosinolate composition across different Arabidopsis 1 2 3 1
respectively (Kroymann et al., 2001) . The underlying candidates MAM1 and MAM3 genes are 1 0 9 two adjacent sequences with high similarity to genes encoding isopropylmalate synthase that 1 1 0 catalyses the condensation of chain elongation in leucine biosynthesis. Later, a third MAM-1 1 1 like gene, MAM2, was identified at the same locus as MAM1 (Kroymann et al., 2003) . While 1 1 2 MAM3 is ubiquitous, most Arabidopsis ecotypes examined possessed functional copies of 1 1 3 either MAM1 or MAM2 genes. A functional MAM1 gene has been correlated with the 1 1 4 accumulation of 4C GSLs, whereas a functional MAM2 has been linked to 3C GSLs. To gain 1 1 5 more insights on the impact of MAM synthases on chain lengths distribution of aliphatic 1 1 6 GSL, we analysed the similarity of the annotated MAM1 gene across 72 Arabidopsis ecotypes 1 1 7 taken from 1001 genome project database (Jorge et al., 2016) . These ecotypes were selected 1 1 8 based on the availability of gene sequences and the associated aliphatic GSL profiles. Details on the 72 ecotypes are given in the Supplementary Table 1 . The annotated MAM1 sequences 1 3 5
which the corresponding nucleotide/amino-acid characters are different between gene 1 3 6 sequences G i and G j of equal length. The phenotypic distance d i,j P was calculated as n=6, which corresponds to the total number of chain-elongated aliphatic GSLs found in A.
1 4 0 thaliana (Figure 2 ). Thus, we can quantify differences between all pairs of ecotypes based on GSL accumulation emerge out of genetic differences. Moreover, investigation of the 1 5 0 localisation of polymorphic residues in the GSL biosynthesis enzymes will provide a better 1 5 1 understanding of the link between metabolic genotype and the associated metabolic To investigate the diversity of metabolic genes of GSL biosynthesis, we investigated the 1 5 5 levels of amino acid and nucleotide polymorphism across the 72 A. thaliana ecotypes by 1 5 6 calculating the average Shannon entropy (Shannon) H across the gene length ( Figure 4A and 1 5 7 B). The analysis revealed that some of these enzymes are highly diverse while others remain 1 5 8 conserved across different ecotypes. Interestingly, the diversity seems to be independent of 1 5 9 steps of GSL biosynthesis in which the enzymes are active. From the diversity of amino acid 1 6 0 sequences ( Figure 4A ), FMO-GSOX1 enzyme exhibits the highest diversity (entropy), while showed a high level of polymorphism in BAT5 (cf. Figure 4B ), which was not reflected in the genetic code ( Figure 4C ). A plausible explanation for the low amino acid variation in 1 6 8
BAT5 could be the specificity towards a variety of chain-elongated substrates of GSL sequences. This is a clear example of preferential accumulation of non-synonymous 1 7 6 mutations, which alter the amino acid sequence of an enzyme. High diversity of MAM1 could be a consequence of incorrect annotation of MAM1/MAM2 across the MAM1 ecotypes (blue branch of Figure 1 ) and MAM2 (red branch of Figure 1 ) 1 8 0 ecotypes, separately. We did see a reduction in the diversity of MAM1 and MAM2 enzymes 1 8 1 (cf. Supplementary Figure 1 and Supplementary Figure 2 ). Nevertheless, MAM1 and MAM2 1 8 2 are still the most diverse enzymes of chain-elongation pathway. To get a clearer understanding of the effects of the localisation of polymorphic amino acid 1 8 5 residues in the active sites of the metabolic enzymes, we extracted the information about the Petersen et al., 2019). We refer to the amino acid positions from 93 to 294 as active region of 1 9 1 the enzyme. We have found that MAM synthases exhibit a maximum of 13 and 3 1 9 2 polymorphic residues in the active region of MAM1 and MAM3, respectively. Figure However, the quantitative effect on the enzymatic properties cannot be explained due to 2 0 2 unavailability of enzyme abundances in these 72 ecotypes. Plasticity of the metabolic genotype and the associated GSL profiles 2 0 5
Glucosinolate metabolism results in a highly variable composition of individual metabolites Halkier & Gershenzon, 2006; Kroymann et al., 2003; Textor et al., 2004 Textor et al., , 2007 . By show that the ecotypes can be broadly classified in two groups based on the similarity to 2 3 0 either of MAM1 and MAM2 genes as also expected from the genomic composition of the 2 3 1 GS_ELONG locus (cf. Figure 1) . Correspondingly, the GSL profiles from different ecotypes 2 3 2
can be broadly classified into two major groups based on the phenotypic distance d i,j P 2 3 3 between different GSL profiles (cf. Figure 2) . However, the groups classified based on either and MAM2 enzymes is not feasible. The heterogeneity in the genetic makeup of the metabolic genes across different A. thaliana steps contribute highly to the diversity of the GSLs. However, surprisingly, we found that the 2 4 5
level of diversity appears to be unrelated with the functional role of the gene within the GSL 2 4 6 metabolic pathway (cf. Figure 4) . While as expected, the least diverse enzyme was SOT17, 2 4 7 part of the core synthesis, another enzyme of the core pathway, SUR1, was the fourth most 2 4 8 diverse from 30 enzymes (Figure 4) . This is surprising, since loss of enzymes of the core 2 4 9 synthesis, such as UGT74B1 or SUR1 has a much higher impact on the total GSLs than loss GSLs, we found that it is highly diverse in the nucleotide sequence (see Figure 4B ). It can be 2 5 5 a consequence of purifying natural selection that prevents the change of an amino acid 2 5 6 residue at a given position in a multiple alignment, thus favouring an excess of synonymous 2 5 7 versus non-synonymous substitutions. It is much more difficult, however, to explain the remains to be elucidated. The genotype-phenotype relationship 2 6 8
Nowhere is the contribution of subtle sequence diversity to variation in GSLs more apparent, genotypic and phenotypic distances between different Arabidopsis ecotypes showed that 2 7 7 some ecotypes have identical metabolic genotype but exhibit high diversity in their associated 2 7 8 metabolic phenotype, and vice-versa (cf. Figure 3) . Therefore, the relationship between the 2 7 9 metabolic genotypes and the phenotypes are much more complicated than a link to one of the two genes demonstrates clearly that also SNPs can have a great effect on the phenotypes. the active region of MAM synthases, we conclude that MAM1 is highly variable across its 2 9 1 active region and accumulate up to 13 polymorphic amino-acid residues at 17 different 2 9 2 locations in the active region. Whereas, the active region of MAM3 is comparatively 2 9 3 conserved and only accumulates a maximum of 4 polymorphic residues at 3 locations in the 2 9 4 active region, naturally (cf. Figure 5 ). It is known that polymorphisms in active site of MAM challenging. This is particularly due to a missing stringent definition of the genotype- Information about the nucleotide and amino acid composition of 30 GSL biosynthesis genes 3 2 9
from 72 A. thaliana ecotypes was taken from the 1001 genomes project (Jorge et al., 2016) .
The reason behind selecting these 72 ecotypes was the availability of Met-derived GSL object. This R-object is a sparse matrix containing the nucleotide information for each coded as 0, polymorphic ones as 1,2,3,4 or 5 depending if at the specific locus an A, C, G, T The nucleotide/amino-acid composition of the coding regions of GSL genes from 72 A.
3 4 8 thaliana ecotypes is described as a set of relative probability, p i,j , for the i th nucleotide/amino- Amino acid sequences of the MAM loci from the 72 ecotypes were aligned using 'mafft' ver. The data and Python scripts used to produce the results presented in this manuscript are 3 6 4 available with instructions at (https://gitlab.com/surajsept/GTvsPT).
3 6 5
